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PBRE'ClMA8CEi IIWESTIGATIONS OFA- CEXTBISUGAL~RlBSOR

FROM AN EXPEZDENTAI, TURBOJET ENGINE

By Ambrose Ginsburg, John W. R. Cresgh
-. and William K. Ritter

.

A n  imrestigation  w8s colducted on a  large centdfl,l& compeBBor
frm a n  experWnts,l  t u r b o j e t  engtae  t o  determine the perfommnce  o f
the coqres~m  ad t o  o b t a i n flmdan9nW  Wfo13.~~%Ion  o n  tie a e r o d y -
namic  fploblema  aa~ociated  wzLi31 large  centzTfw@--type  caapesears.

!Ibe r e s u l t 8  o f  i2m ressardh c o n d u c t e d  o n  tie congressor i n d i c a t e d
that the c~essor~uld~tmeetthedesired~e-desi~~-flar
requzlrmnta (78 lb/set) because of an air-flow restriction  in the
vanedccUector(diffuser). Revisionof  themned collectmresulted
in an i n c r e a s e d  a i r - f l o w  captain  o v e r  t h e  s p e e d  r a n g e  ard ahow&
lmpruvedmatdhi~of the impelleraTdLdiffusercoslponent8.

At maxhnnn flow, Zhe ariginal ca.upessor  utilized. approxJ~~te~ly
90 percent of the available gecmetzic Smcat area at the tied- .
ccllectac  inletad therevised  compressor  utilizedapproxi.umtely
94 percent, regardless .of impeller speed. ffhe ratio of the Irw
wei&t flows of the revised and origInal  cmrpeasors vaf3 less than
t h e  r a t i o  o f  e f f e c t i v e  c r i t i c a l  throat  sreas of t h e  t w o  contprss8ors
because of lswge peesare losses in the imgelhr nesr the impeller
inlet snd the difference increased with an increase in impelle~speed.
Inorder tofk2rtherincrf3ase  thepressumratioandrn2xtmmweiejat
.flow of the cozqressor, the impellermustbem&ifiedto  elimimte
the pressure losses therein.

The compressor  is one c8 tie most impartant elements of the
aircraft turbine-tgpe engine. !5e cen~ifugslcarpessor,  uponwhich
Whittle of Englsnd developed the first practical turbojet engine for
aimraft propulsion, has semral  favorable chsracteristics  such as
dependability,  simpl.Lcity, and ease of msnufacture.  Ccnslderable
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workhasbeendone inthe past tc 3qprme the performmceofthe
EW&t CC3IltZ’%ftZ@  CCYlQWeBB~  a8 & hi- USem &CCeBB~  Cf th0
reciprocatingez@ne,butbec~use ofth3mchlaqeralr capacity
=00---W-=ts of -the kzrbodet-engine  C~BBCE  as well aa
its RB#PBBB,  mry little infmmation 011 the performmc 8 of cam-
presBCrB  of this fsBe has been pUmLBh8a.

ki ilXV8Bti&Khll  covering  ti BerfarmanC 8 ChEWaCterriStiCB  and
air-fluwanalyBiBar  acentzWugalcmgmmforusedinan8~tal
tuz%oJetengtnewas  conducted at the NM% Clevelandlalxm3~~ Ihe
~llerKae~single=en~~stldhad~ibLet-to-outlet~eer
rEti  Cd? 0.65, Which ltWBtdtX3d  in traasCIliC &Ch llUdbel?B Il8SJ2  the
inlet-blade  tip at de&s coalitions. Ihg diffuser  had. lUUBWd. deBi@
fsatUres  i n  -mat th8 air-flow  p&l throuejh  l&e ufftzser hsd a n  33xm8asw
8nd t h e n  8 d e c r e a s i n g  r a d i u s  of rotatim F o r  t h i s  lm-esti&fon,
extens ive instmm3nt&ionwaeused~anair-flowpathihrou&  tie
CCIDJUWBSCl?;  fvCrfl  this inr&mEmktiCn,  the3  d efxmld&xticn  o f  -l&e cvB[p-
ti CCllQ3FsBBC3?  PeEhWllc 8 apd t h e  analysi8 of t h e  perfcnmanc 8 of the
txqbonent  psrts o f  t h e  C~8BBOr  wsre  poeslble. A s  & reslalt  of tie
Flnn.l_vehi  o f  t h e  ccqpre8B~r  perfcmmnce, 8 -c&tion WaB recmed
toob&xLni~~~~edperformmce. !l!hereC~sdChang8Bw~meriLeln
& BBCOd  C~eBBWt  Wkkh, ti turn, fl&B Bid&d& inveBti@Xd.  %Ie
illV8Bti&LtiCll  of tie BeOCd  CnQI[DreBBW  WaB 8XtEdd tOCCYWC?&brief
survey of the effects on perfwmnce ofa tib3 inl8t& PB-
f3U?NBd~~.

Two ttmbo3et-engim ~cargxre88~rs  wsrs lxm88ti~teL  ‘Ifie fIrat
WBBCZ?,  hereina9tar Cdbd the Ol?Lt@lXd C-BE=,  CCIlBiBted
of a BiZ@,&MXl~ Gem ~~~,aV&U8~BB  difYuserfolluued
by & vaned CO~eCbX?,  an8 afX888~ shrm&s ard cmsings.  ms mm-
pressorhe&ar&t&dair-flowcapacityof  78pouudsper sscxmdata
~eBsureratioofQ.Oandebneqaivaleatimpellerr  Bpeedcfll,5oorptb
W o n t  a n d  r e a r  vim o f  t h e  ~gi3~il-~~88~  assenihly  sm3 pm-
sented In figure 1. t&e lmgelleachadaUade-tipdisnbstmof
20.75 inches at the inlet, a blade-tip dlanmter of 32.00 inches at
the outlet, 18 full blades,  and 18 splitter blades. !l!he msxlmm
oVar& dblD&W Of the Cw8BBarl:  Was &pI>roxima te~48incheB.  A
view o f  t h e  orighal  caaapreseor  tith t h e  f r o n t  c o v e r  r e m o v e d  i s
ahown in ffgtzre 2. 'ihe gsumd. nstcm cf the impeller-blade  ccn-
BiZ’UCtiCIl,  tie mhtive  l7EL&t’Ude Cf th W3ll8l888-8fffUBtW  BeCtiClU,
and.~inLgt~~of~vansdcollectarcanbes~in~e
figure* !I!heflowpcth-throu&~~collec~hadan~elng
andthensd~ radiue cf rctatian,  !che vaned collecta  WaB
de&m t o  h a v e  n o  radial CM cf flar a t  t h e  I n l e t  ti the
burner  atXd.UB.
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!Ftle y3sesrch im3sti&eIl of the original ccmgressor was ter-
mLnaeedbyastmzcturalfa~of~ecompressarinat~~to
run at rated speed. As a result of .*e msnufacturer8s investigation
of the accident, the impeller blades were fo& to have evidently
euffered a fatigue failure due to tie presence, at Bpecds ne8r the
design vslue, of resonsntexcitTngfrequencie8 timthe field of

cforcecrea~by~~e~~epaced.inletcover

&omthis failureandtheansQsis of-the ccmprressor-perfmmance
data, asecond cmqrcessorwas oonsimxctedinanattenqttoreach
designspeedandto  impsvwethecqpressmpezf ormzeatsll sgeeds.
Atiewof this secondccmgressar,here%nsf~  called therevisedccan-
pessm,with tkefrontcwerremovedis shawninfigure  3. Two
ingortant changes were made to the ori@rw.'l ccapessor:

1. !lBe inpdler blades were sli&tly altered to increase their
naturalfrequencyby~chiningannra_tl stlmuntofmetalAvrmthe
Carnerofeachbladeat~el~ingedgeEtnabyincrea~~eblade
taperneartheleadingedge.

2. fihevaned-collectorixil.etwasmDdifiedto~e theair-
flowpsuYfomElnc8
of the vanes.

of the ccuqzessarbycuttingbacktkeinletedges
With the exception of *ese tthsnges, the original ad

retised ooqgressorswereotherHseessentially%he  ssme.

t&e conpessor test installationis  shawninfigure  4. The col-
lecthgchdberonwbicheachofthe cmmr*essorswasmmntedcon-
tainedanw section, which s-ted the burner sectian of the
turbojet engine. Ibe collecting chs&er was designed to maintain
unifmnflowinthesimlatedburner anrmlueand.csrewas-to
avoid possible limitation of cczqmesscw-flow capaciw by chow in
the chamber. The compressacwas  drivenbya 6OCGhorsepow~mriable-
Bpeed electric motix in conJunction with a speed-increaser gear.
!IBe inletpipewas 24inches indiameter~12 dismsterslong;  the
dischszgepipewas16 inches indiamterazld5 diemeterslongsnd
was precededbyatmnsitionsecticm  approximately 3feetlong. No
insulation Ihatarial was used on the cmpressoT~  the collecting chariber
cc the inlet and the outlet pipes.

The ori@sJ. ccaqgressar  was e2rkmsively instzmentedtodetermine
the wer-aU.peHormnce of the coqeessorard the characteristic
perfarPianceof~chof~ec~esaorc~~n~- B.&*-four
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statlo-pressure  taps were installed  to deimxtdne tieperfomanceof
the Impeller and the diffuser. 'Ibe caaqres& ins-&umentation is
showninflgure5. B%st of the outer-wall s&tic-~essme  taps are
showu as well as the bulkhead E& fittiugs ased to facilitate con-
nection of the inner-wall static-pressure  taps to msnomters. A
cw@ete listing of the static-pressure  st&ionlocationsis given
in table I using tie nmiber desigplations shown in figure 5. It oan
be seenfkcmtie table thatwith the exceptionof the pressure taps
1throu&12(b)alougthe frarxtcwersnd 28 in&e simlatedburner
annulus, everytapontie  outerwallwasacccxqaniedbyacomesponding
inner-waUtaplocatedinsuchamsumr that a line Joining the two
wouldbeappro~tely peepmdiculsr to the air stream at tha.t secti~
Aschermtic diagramofatypical  flowpaththrou&tie  original oam-
pressorisshawninfi~6~~tPlerni~~mmiberdesi~~ons
of f&e pertinent static-pressure  staticma. Also sham is the simu-
latedburneranuulus  sectionintowhichthe  cosqrressordischszged.

The instrmentation  ou the revised compressor was less extensive
than on the original oompressor  beoause as a result of the performance
investigation  of the original ocunpressor, acme statio taps could be
elimiuated beoause of the similarity  of flow conditions. lclxml table I,
the total nmber of static-pressure  taps was reduoed fYom 64 on the
origins1 ocmpressor  to 42 on the rev!.sed compressor. Despite the
reduction in the number of static-pressure  taps, the instrumentation
along a flew path was maintained as shown in figure 6 exoept that
static-pressure  tap 27 was eliminated  in the vaned-oolleotor pass-
age.

Se iuskumentationuas  inscalledin~e  inletpipeaccmdiug
to theme&ode described inreferenceslasd  2. The simula=kdburner
anrmlus~sequippedvi~lO~~-pres~nzre,5 static-pressure,asld
lOteqperature-meastmiugstatioustodeteru&ne the air-stream con-
ditions at the ccsqressor  outlet. Aremotely con~olled surveyprobe
of thePechheWertyPe  (reference 3)~s provided tomeasure the
angulari~of~eairstream~thetoeal-pressuregraaientof
theair en~atgpioalvaned-collector passage.  'fhisprobewas
installed normal to the air-flaw passage waXha and appr0xS.mt~l.y
1 inchahead of tie centerofthe imlettoavsmd-collectarpassagej
~edietancewasIlrr#reuredalong~enaeanfl~-online.  Air-flow
andpressurereguLation~reprovideabybu~~ly-type  throt-U.e
valves insballed in the inlet and the outlet pipes. An adJustable
sulmerged mificellleasuredthe gzsnti~ of airflow. PLsrcurymancm-
eterswereusedtomasureaU.pressures  exceptthedifferential
pressure across the air-mstering orifice, which was msasured witi
a water mammdar. A chroncaue-h7ic tachocmster  w&s used fo pxdde
accurate indicationcrf  the impeller speed. A calibratedpoten-
tiometm with a sensitive 116&t-beam galvanme ter was used to
Ineasure the teqerature of the air stream.

.

Y
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Ckiginal Ccmpressm

f&e compressorwasmnatequivalent~Uer speeds of5000,
.7000,8ooo,9000,d10,ooOqu~ Acampletefailure of the cm-
pressor prevented obtaining data above U.m equivalent speed of
lO,OOOqL Allof~eMmsw~maAewi~~ientinlet-~ tern-
peratureadan  inlet-azkstaepationpressureofa~tely
14 inches of mercury absolute, except for the low cqpressor pres-
sure ratios at mxsimm flow for whioh higher inlet-air pressures
were used. Inlet-air pressures of 14 inches of mercury absolute
were used inorder that the complete range of cqessm speed.8
ml&t be tiesti@ed at the sam inlet-&r-pressure conditions
with a 6000-horsepower  driving motor. Surveys of tie air stream
weremade attheinletto thevaned collectczatequivslentiqeller
speeds of5000, 7OCXI, 8000,snd 9OOOrpm

RevisedCompressor

This caupressor was operated, under the follcrwing coditions:

3tm
5,000
7,000
8,000
81m
8,000
g,m

10,OJOO
IJQZOO
ll,500

s-w
-Mm
14
14
8
8

14
14
14
6

Mbient
ADibient
Allibient
Arcfbient
-320F

Anibient
Ambient
hibient
l4nibien.t

. -32O F

(in; & abs.)

'.

Im inlet-air total pessures were not used at equitient iqeller
speeds of 36M1 sd5OOOrpmbecause ofpossibleadverse~ssure
differentials on the Iz~eLler casing at -&ese speeds. At tie

t
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nmmfacturer~s  request, an actual  impeller speed of Xl,500 rpm was
set as the maximum allowable speed for this investigation. Inasmch
as nomeans- avaztlableatthe  time for regulating the inlet-air
teqeraturebetweenthesmbient  m2.ueofapproxhm%e~800  Fand
thelaboratmyrefPigerated-airvalueofapproximte3y -320 F, one
runwasmadeatmsximm allowable speedwith &bientizil.etai~amd
anotheratsnequivalentspeed  of 11,SOOrpnnHith  sninlet-air tem-
perature of -32OF. Onlyonepoint (mximum flow) was taken at
nmxlmmmller speedurkIers1&ient-tmq~3rat  conditionsand  the
resultingequivalentspeedwas  ll,200 rpnr, Because of mass-fluu
limitatims of the refYigerated-air mqply, the inlet-&r pressure
had to be reduced to 6 inches of mercury absolute when a teqerature
of -320 F was used. 'Ihe eqtivalentspeed  of 8OOOrprmwas investigated
at three inlet conditions to cczrelate the effects of inlet coditions
on the ocmpessor perfornrulce.

Caqressar

The performano e of the ucztxpressor was based on the measured
totalpressuressnd  merabres at the mller inletsnd at the
outlet of We simulated burner anmilus. Computations  of adiabeLtic
effioiency Tad, for~eccPllgressarweremadeinaccordancewi~
reference  1. 'Jhe flow parsmeter, corrected welet  flow W@/8,
and the speedpexamter, equivalentbpeller  sped N/q, were ccm-
putedaccmdingto  themdhodofref6rence4,wbece

W air weight flow at inlet conditions, (lb/set)

8 ratio of actual inlet wtion absolute tergperature  to
&and&l sea-level absolute tenqerawe

6 'ratio of actual inlet stagnation  pressure to slzzdskd sea-level
pressure

E acfxd impeller epeeit, hd

(All spibo1ssre defined inthe textwhenfirstusedk  A sy&ollist
is given in appendix A.)

The impeller performsnce  was determined for each speed from
measurements in the vaneless-diffuser passage l/8 inch from the

ifi,

i
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Original Ccppressor

'Ihe cnpnnwssorwa~runateqtiv+ntiqeller speeds ofSoo0,
7000, 8000, 9000, sndlO,WO rpm. A cwletefailure  of the com-
~essorpreventedob~inlngdata.abave  the equivalent speed of
10,000 rpm. AUof~erunswarel~ade~~~iant Snlet-~~-
pera~eam3.,aninlet-airs~~onpressureofa~~el~
14 inches of mercury absolute, except for the low cqpressor pres-
sure ratios at aw.rtmrrm flow for which higher inlet-air pressures
were used. Inlet-air pressures of 14 inches of meircllpty absolute
were used 2norder Wttie complete ?xnge of coqu%ssc~ speeds
tightbe tiesti&ed at fhe ssn~ Inlet-aTr-peasure condLtions
witha6COO-horseparer&ivingmoeOr.  SurveysoftheairsWesm
weremade attheinletto *evaned collf3ctoratequWslenti?qeller
speedsof5000,7000,8000,aud9000~

Revised Ckwrpressor

~1s compressarwas  ogeratedundertbefollmIngcollditionsr

tmT% speedm

3,600
5,000
7,000
8,000
8,000
8,&O
g,ooo

10,000
11,200
ll,scm

cotal
ys-
a. Hg
abs.)

-w-
-w-
14
14
8
8
14
14
14
6

Anibient
AItibient
Ambient
Ambient
-320 I?

A&lent
Anibient
hibient
Anibient
-320 F

(in. G abs.) .

33.
33

I--

- - I

e-w

- - -

-MN

B-w

w-w

- m m

Low inlet-air total~ssclres~enotusedatequiPaleatimEpeller
speeds of 3600 amI So00 -because of possible adverse pressure
differentials on the impeller casing at these speeds. At the
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nmnufacturf&srequest,auactual~ller  speedofll,500rprmwas
set as the maximum allowable speed for this investigation. Iuaszuuch
as no mans were available at tie time far regulating the inlet-air
-&mperaturebetweenthemibient  mlueofapproxirmtely 80° Fand
~elabmatoryrefkigerated-airvalueofappmxIma tidy -320 F, ane
runwasmadeatlmximm allowable speed with s&lent inlet at* mkl
e.notbratan  equivalent speed of ll,SoOqm~tith  auinlet-airtem-
pera-bure of -32O F. Only one point (maximum flow) was taken at
nm.ximm impeller speed under anibient-temperat  conditicms  and t&e
resultingequivalentspeedwas  ll,20Oqm Because of mass-flow
limitations  oftherefrigerated-alr sqply,the inlet-airpressure
had tobe reduced to 6inches ofmercuryabsolutewhena  teuqeratme
of -320 F was used. Be equivalent speed of 8OCGrpmwasimestigated
at three inlet cmditions to cmrelfvte the effects of inlet conditions
on-the ucmgmssorperfmmance.

Ccqpressar

The perfmuan08 Of the compressor was ba8ed on the lPlea8IAmd
'totalpmssures  and tanperatures  at the imgeller inlet and at the

outlet of the simulatedburuer amulus. Ccmgutations  of adiabatic
effioienuy  qad, for the ccrm;pressorweremeLde  inaccordancewi~
reference  1. !Lbe flmpsrsmeter, correctedwei&tflow W*/B,
and the speed parameter, equivalent  """2; yA N/q, were ccun-
puted according to -the method of referent2 ,

W air weight flow at inlet couditious, (lb/set)

6 ratio of actual. inlet stagnation absolute temperature  to
standard sea-levelabsolute temperature

6 sratioofactuaJ.idets~tionpres6ure to f3tmhrd sea-level
pres-

N actual imgeller speed, (m?d

(All syzibols are defined inthe textwhenfirstusedk  Asynibollist
1sgiveninappeklixA.)

The impeller perfomanoe was determined for cash speed from
measurements  inthevaneless-difftlserpassage1/8 iuchf%nnthe c
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impeller-outletblade tip. ~etotalpressurewasdetem&nedfkom
the computed dynamicpressuresndthemasured  s-kticpressure~ Zhe
calculationswere~nntheassrrmption~t~erewaeI#>~ip
totaJ.~ratureof~eairframthe~ller~ptZlro~~esge~
to the measuring stations in the simulated  burner amulus, that the
friction loss between the Tq&ler outlet eLnd the mamring point
wasne@Agible,and~ttheveloci~uas constantacross  thedif-
fuser pasage. 2heairvelocitgsnd the densi~w~d&emimd
fkomthemeasured staticpressure, thecontinui~&flcrw,dthe
foregoingassm@ions. Computatiolll3 ofadiabat~oeffTciencyfar
the impellerweffetie inaccmdancewithreferenceI.

DiffLUer

The vaneless diffuser a3d the vaued collector were rated
to@herasadifYuser. Diffuser efficiencywas  definedas meratio
af the actual static-~ssmeri.sebetweenthe  Zqelleroutietand
the sinnalated burner sanulus to tie isentrupic  static-pssure  rise
theoreticaUyobtainedFKrmi&e  w in&xhm&bersbetweenthe
same two points. 9he folkfwing farm of Eemoulli's equation for a
gaswasused to obtainthe efficiencyequation

where

(1)

P stagrlatian pressure, (in. Hg absolute)

P static pressme, (in. Eg absolute)

Y ratioof specificheats

M Mmhnuniber

Thlues ofMzchnm&erwere  determined FKHntiemeasuredtotaltem-
peratures sndthe static temperatures calm&itedatthe 33qpelleroutlet
and in the s-ted bmner ammlus. lhaamuch as the process is
isentzopic and there is no chmge in sta~tion~ssure,  if subscripts
land 4sre usedtoreferto  statims at the impeller outietand We
s-ted -bLmler amuluf3,respectim3ly,thefoUou3ngequationnmybe
written:
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which is the ideal cz reversible static-pressure  ratio. IT tie
actusl static-pressure  ratio between the ssms two points is denoted
by Q then, inasmwzh  as the diffuser is rated on a assure-rise
basis and pressure ratios less than 1.0 ere not pertinent, the dif-
fuser efficiency is expressed  as

diffuser efficiency= Q-l
Y

Original Compressor

Conpess~pxrformance. -lple ccmqressmperfommnc 8 characteristics
wer the range of ca3npressor (equivalent impeller) speeds fkcm5000 to
10,000 rpan are shown in figure 7. A peak adiabatic efficiency qad
of 0.80 was obtained at an equivalent impeller speed of 9000 rpm, and
acorreckdwei&tflowof 47 poundsper second,andapressure
ratio of 2.60. IhenmximmpresE?ureratiowas  3.17 and occumedat
anequivslentiqpeller  speed of 10,000 rpm, a correctedwei@xtflow
of49pouklsper second, andanadiabatic efficiency of approximately
0.77. Asahowncmfigure7,themaximum correctedareightflowat
an equivalent  imgeller speed of 10,000 rpmwas 63 pounds per second.

Ihe caqpressor  weight-flow variation wi* equivalent inrgeller
speed for mflow asd for selected c+pressor efficiencies  is
shown in figure 8. 'Ihe curves represent peak adiabatic efficiency,
constant adiabatic efficiencies  of 0.70 and, 0.75 a& nrcl.rlnnull correchd
weight flow. Be tbbojet engine weight-flow design poinp of 78 pounds
per secolld at rated speed of 11,500 rpm is also shown. Ex-kapolation
of the maximum-wei&t-flow  or choking-flow line to rated speed indicates
that the ~wei~tflou obtainable  atrat& speedwill probably
be below the engine deals requirement. Inasmuch as the 0.70 and 0.75
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efficiency lines, which am==f.=k
belaw tie

the angLns wtix raages xe
mximm-flowcurve~  the compmssc~would~b.ablynothave

lnsttherequiredparPormnc
tions.

eforthedesiepengtns operatingcondi-

Co3qressor-c-t  perfcumance. - IBe imgeller, ccqressor,
anddiffuser efficienciesexe  shmninfi~e 9.

lbe ingdler-efficiency  curves have a gmerdly flat bharac-
teristic wer the wei@+flow range tiiih peak efficiency at CXT
nesz3nsximm  ccgressorwei~tflow. The nextmum calculated effi-
ciency, 0.93, occurred at a speed of 5000 rpm Se drop in Impeller
efficiencytith  increasing speedwas mall;*e peakefficiencyat
snequiml.entspeedof1O,OOOrpmvas  0.89. pie 0ampsrativelysmJl
vasiationtime  iqpeller-efficiency curves iraaicates that the
compressor-flow res&Lction or choking point does not oucur in the
izapeller,  because the in the impeller wmld result in pressure
losses ti a ahazp drop in the iqeller  efficiency at %e mxLmm=
flow points. !Be values of impeller efficUncies indicate that this
ccaponent has good pg3rforuls.uce ctharacteristics.

Thevalues of diffuser efficienciessze  considsmxblylow~thsn
tie Wgeller efficiencies; a nmximm~aue of 0.74~~ obtainsd at
9OCXl rpb In addition, the diffhser curma are quite peaked and,
as tlhepeaks of the ingel,lerardLdiffuser curvesdonotcoincide
because of imperfectmatchingofthese components, tiewer-all
perf-e of the carcpressor  was adTersely affected. Op mme
imgortance,however, is therapiditywithwhich  the diffuser effi-
ciencyfalls offat~ehi&alrflows,vhich  indicates  titpres-
sure losses acce chokingoccumed  scmkhereinthediffuser.

Flow cppacity ana l.33Ilitaticms.  - static-pasure  ratios (local
static pressure/impeller-inlet static pressure) at three stations
sxoud theperipheryofthe imnermdoutmwallsof~evaned-
collector inletare fihowninfigure10 a*aneguivalentiqe'll#r
speed of 8000 rpu. t5e static-pressure  ratios at the outlet of
each van&L-collector passage on the irmer 82x3. outer wdUs aire shown
atknequivalent~ller speed, of 8000 rErminfigure Il. 2hese
curves indicate %attheflowwas~erynesrlyunlformerourd  the
periphery of the compressor and that mea-ts-inone
vaned-oollectmpassage  matone setof radial statians Intie
vmelessdif'fuser  shouldthereforebe  typicalofmeasmems nts t&en
at any other position sxourd the periphery.

'Ihe static-pressure  vsxiatioxi along a cargessar flaw path far
equivalent impeller speeds of 8OOOti lO,OOO qgnatmaximmflow
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aud at peak compresscrr adiabatic  efficiency are showu in figure 12.
9he static pressures represent an arit?metic average of the inuer-
and outer-~ measurements along the flow path except for the ml-
ler section, where pressures along only the frout cover were masured.
!Ihe abscissa desQnates the stations schamatically shown in figure 6
ad bears no relation to path leugth or WE iu radius. At maxi-
mumflow, alsrge~ssuredxop  occumednesr tiefirststatic-
pressure tiapwithinthevsned-collectorpassage aud Miaated that
the flow choking point occurred at the inlet to the vaned collector.
Performsnoedata  showedthatthis corrditionwastrueforallequLv-
alent.impeller speedsfrom7OOO to10,ooorpL

Cal-ted Mw5hzmuibers  atthepointwithinthe vaued-collector
P-v co=-e to the point of nthimum static pressure (sta-
tion18affig. l2)srepresented infigure13. 'Ihese Machnmibers
wee calcula.t0dusingthe formof theBernoull%  equatiougivenin
equation (1). Here P istheszithmeticavarebge09themeasured
total pressure at-&he inlet to the collectorvsneasdeterminedby
pressure surveysacross  theflowchamel& p is themeasured
static pressure at stationl8inthe vaued-collectmpassage. F'aa.
weightflows ccozrespondingto  the cbokingpoint,kch3nxtibers  of
LOwere obtaiuedforsll equivalentmller  speeds except5000 rpan,
atwhicha conditionof chokedflowwasneverreached.  For points
along tie constant zmiximm-flow line, M&h mm&era greater than 1.0
were obtaIned. lhasmuch as mxdmum flowapprox%a-&lycorresponds
toaMachnmiber of 1.0 inthevaued coU.eotm, chokirgnear the
inletofthemmd collectorwas  evidentlyresponsiblefcrr the flow
lilld.-tELtiOn.

%he chokiugmsybe  atfzibuted to flow sepsrationatthe vaue
inlet, inad as the effective flow szea must have been less thsn
~egeoms~cpassae;e~eafarchdMng~~curatthe maximum observed
flow rates. The flow sepmation may occur either from the outer czc
inner walls of -the channel ar from the leading edges~of the co~ector
TSll08. Figure14 shows the air-stream&chnmiberaud  the angle of
attack as detemLned fkom sumeys across the channel at the inlet
to the vane colbclmr. 'Ihe an&e of attack is cousidered negative
whenthemctor ofincmingvelooitymkesa  tangential  angle less
thmthe taugentials&Le of thevaue inlet(l5o inthis case} so
that tie flow is directed from the hi&- to the low-pressure  sides
of the vaue,whichis opposite to conventional  airfoil designation.
Curvesampresentedfor  surge9 peakadiabatic  efficiency,andnmxT-
nmnflmatsnequivalentimpeller  speed of 8000 m The cumes
for the three differentflowcondiizlons  showthatthepeake&Le
of attacksndtiepeakBWhnmiber  shiftfromthe inuerwallat
nk3xhumflowtoapproximatelythe  center of the passage for peak
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adiabaticefficienoysIldslmge. !lheM3chntmberatthevane  iulet
for maximum flaw is of the order of 0.6, whioh 18 relatively lcm omn-
paredwit21thehi&M3ch=mmbervaluesatthe  critical-flowregion
inthemned-collectorpaasageaad  indicates thati&eadr-flow
restrictionoccumedinthe  ahortflow-patihlen&hbetweentheva~~
inletand statiou18(fig.l2). Because a -150 au&e of attack
represents onlyrotationalfl.ow,figure  &4(c) irAicatesforthe
choHng=flm c&Won a reversal of*ethrou&-flowvelocitgat
the outerpassagevall~ap~up  of&eaAronthe imer
passage lfaxI.0 Bis pear mrrss-flm  dis+zibutionalso  results in
vsziations inthea&Le ofattackacross the passage, whlchsre
apparently too gmatfarra satisfactoryinletair-strearadLs&i-
butimwer %evana, !&eflow.sepsrationwith theresultingflow
restric~onIstheveLaed-colleotorpassa~isthereforebelleved
to result fkam poor distzibution of mass flow aaross the passage '
at the vane inlet.

The design chauge to inmease the flow capaci* of the ocim-
pessor was based op au ansJysis of the flow at the vaned-collector
in&et at lllaxbmwei~t  flcn?, !5eexactlocatlonoPthecholdng
point is a fun&ion of the flow coMition8 ad the flow-passage geo-
m-0 3T it is assmed that the flcm Freon the vansless diffuser
en-bra thevaned colleotor taugentto thepas~wallsti that
thisflowprocess tskesplaceisen+opically, theflo~res~~ction
would occur at the mIn3mm paem area*

E thevaued=colleotacrZnletis  assmmdtobeanoszle,  then
by Using Value8 Of preseure sld tmperature oo3?r08ponding to m!bduum
air flow at several fmgeller apeeda it was poeaible to determine the
effective critical throat OT nozzle sma and to detemine whether
thege~~c~.tarertcouliLbeusedasap~~~eflcn
lindtatims of She cafnpress~~. Se application of the stsddy-
flow isentz0pic-enerm  equation %o the data Ls presentsd in appeu-
dix B.

!Be oalculaWl effective oritical+33roatazeas atmximum
wei~tf~werra~ofequivalent~~epeedsFKxm7000
to lO,oOOrpmas  dmminfigure  15. Aconstanteffective cr%tical
thma.tsxeaofO.46  squsrefootwas  obtalnedr~ss ofvsrIa.tions
in impeller  speed ~132 nmxbm wei@lt f-law. !&is constant value Is
90 percent of the geaaaetric t&oat srea (0.51 eq ft) ard
indicates +hatthe couueptionof thevsned-colAectorinleta8 the
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threat of a nozzle is valid in establishing  a useful Index of t.
air-flcm capaoity of thie mqpweaor. Theair-flowoapemitymeqy
thenbeinoreaseii~increaeingthegeaapetrioflcnsreaatthe
vaned-oolleotor in&&;-t&e increased air-flowuaps~itywill,how-
ever,onlybeproportionatetothe~ingaesagear8awh6nthe
airdeIIfSityat the passage inlet rer~aine ccmstant. Themned-
&.leotor-inlet  area wa8 increaeed from 0.51to 0.68 8QUI3IW foot
by outting bacsk the inlet m&es of the collector  vanee, which
I'ssultsd in an lnoreased Taneleee-diffUseP 3ZtdiU8. mmea8ing the
air-flow oapaoity in thie ~k3nrmr wouldalso tend to iBlprorsthe
effiCienCy Of the wmpressor, for 8Uoh an imXmS88 Would shift the
diffuserperfonmme cm tohigherveightflcnrswherethe  peak
effioienaycrf  the imgelleromarred.

Revised Compreesor

Compressor perfonnan~e. - The oompre8sor  perfonneulm  ohara~-
teristios over the range of equivalent  Iqpebler epssde from 3600 to
ll,500 qmare shotm in figure 16. A maximum adiabatic effioianoy
of 0.81 Wa8 obtained at an equivalent  impeller speed of 7000 rpu,
a correotedweightflcnrof 36.5 pouudspersecond,andapressure
ratio of 1.90. The peak 9re86UZ.W ratio was 3.93 alId owurred at an
equivalent  3xQeller speed of 11,500 rpm, a oorrected weight flow of
65.5 pounds per seoond, aud an adiabatio effiolenoy of 0.72. The
~cofie~tedweightflowat11,500rpm  wae 76 pot&e per second,

Ihevsziations  0fmxImma ccmectedwei&tflowinthe  com-
pressor with equivalent  impeller speed far the origiml and revised
corgressorssre showninfigure X7. Dataarenotpresentedfar
speedslower than7OOOrpm, %na&as choking conditionswere
never reached in the cce3Ipressor  for these speeds because of capaoitg
limitations of the e&aufAer system* these operatingctiitions.
The c-8 of figure17 showthataconsiderrable increase In mmimm
correctedweightflowwas obtain~wititherevised  ocx~ressor  wer
the speed M. 'Ihe largest increase, 27 percent, occurred a-b
7000 rpnand the imrease atthehi&estccanpas?ative speed, 10,000 ZWlr
was12percent. ~p~~onoffherevisedc~s~-flcmcurpe
indicated i&atatanequiVsJ.entimpeller  speed of ll$OOrpmtie
design flow of 78 pounds per second would almost be reached. !lke
data point at ll,5001pm,however, foraninlet-airtemgerature  of
-3Z" F and an inlet-air  total pressure of 6 inches of msrcury abso-
lutewas approx!.mtely 2.5 percent lower -&anthe exkapolated value
fortWe speed.

In order to detexmine  acme of the effects of inlet ocmditious
on compressor performmoe, an investigation  was made at an equivalent

a-

:
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impeller speed of 8000 rpr for different inlet-air temperatures ti
prest3ures. Figure 18 shows the variation of oompreeeor  adiabiatio
effioienoy a& total-preeeure ratio with weight flm for three dIf-
ferent inlet uonditiane. Ho agprsoiable ohange in totabgireseure
ratio was noted with changs In inlet eomlitions, but a definite drop
in effioienuy wa8 observed at au inlet-air tmpmature of -32O F.
Phi8 reduction in efticienoy ha8 been noted by other iweetigntors

La: transfer
re erenoe 5) an& is gemrally attributed to the effeot of hmmaeed

Decreasing the inlet-air preeeure fk?a# 14 ta 8 inohs
of meroury ab;oltie at oonstanttemperature hsd a negligible effect
on ocmpresaor sffioienoy. ThsmsXimzaaweight  floWWa8 deoraa8ed
approximately 3 psroentwhenbothths inletair pressure ruvlteqer-
aturewerereduoadaMapproximstely2  peroentwhenths inlet-air
preseure alone wa8 redwed. Ths8e val1~~8a3%¶  ofabout the same
magnitude a8 suggeeted by the extrapolation of the weight-flow
rmrve of figure 17. Ingeneral,a ohange inMlet+air~eeeurebsb
more effeot onmaxirmnnweight  flow thana ohange in inlet-airtem-
peratureandared~~onineit~reeulted  in8lightlylowervaluue
of the air flou.

Compreeecr-ocmponent perfornnnee. - !Fhe perforrpano e ofthe
oompreseor, the Impe&r,aabthedif'f~er  ie 8hownin figure 19.
Bor squivalentimpellem weed8 iran 36OOto 8000 rp, the im.peller
effioienoies  were lligh amd had a orQn#2#tively oon8tant valu8 over
the flow range with a maximm value of 0.95 being rea&ed at 3600 rpm.
At speed8 from 6000 to 11,500 rpcn, the Impeller perfme cmrre8
considerably decreased with In~eaeed weight flow; an affioienoy
of 0.62 was obtained at nruirmrm flow at the deeign 8peed of U,500 rpm.
The rapid deoreaee  in hpetlbr  efficiency at high-flow, hdgh-8p8ed
oonditions indioated that pressure 1088'38 preldmi~y to ohoking in
the impeller were being enoounbtred.

In general, the peak diffu8er effieienoy ooourred at app?ozi-
matelythe center of the fly range at each speed. Peakdiifueer
effiuienoiesvsried  8cmswhatwsr the 8peedZXnge;alaeucdmumvalu8
of 0.78 oeourred at an squivalest  speed of 11,500 rpn, At 8i1dbr
witlue8 Ofair il~u,the revi8edCKJmpre88Crge=llyhadhdgher
effioiencliee  than the arigiual aamxa-e8sor. The weful range of
operation of the revised aompres8or  wa8 ehifted to higher vBlu48
of air flowthanwiththe  origlnaloomgressor, thue ehouingthat
altering the vaned oollector reeulted in impwed mstohbg of
the impeller arxl diffuser octuponents.

Flow oapaoity azvi llmitatians. - Ths Btstio-pZ'e88In-8 Vari&
tion through the revieed e~e8sor 18 ahown in figure 20 for
peak effioiency snd nrrrimumweight flow at equivalsxt impeller
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epeeds of 8000, 10,000, aud lI,500 rpm. For peak efficiency, a
steady pressure rise in general oocurred through the impeller,
vaueless diffuser, and vaned oolleotor.

The curves show that for maximum flow a pressure 1088 ooourred
near the impeller inlet and in the vaned oollector. The largset
preseure drop oocurred in the vaued oolleotor  and, a8 in the
original compressor, was a result of ahokiug in thie ccmponent.
The minimm pressure in the vaned aolleator was reaohed approxi-
mately one-third the distauce of the flow path through th8 vaned
colleotor. In general, about 50 to 65 peroent of this atatic-
pressure drop in the vausd oolleotor was reowered by the time
the air had reaohedthebumeranuulue.

A etudy ofthemaximm-flow ourves infigure 20 shows that
with an increase In speed the pressure drop near the impeller inlet
beoam8 larger. At au equivalent wller epeed of ll,SOO rpm, mm-
pression in the impeller started with a statio preseure approxi-
mately 40 percent below the static pressure at the impeller inlet,

Cousideriug the aoncept of the vaned-oolleotor inlet a8 the
throat of a nozzle, the effeotive oritical throat areas were oalou-
lated over an equivalent impeller epeed range from 7000 to 11,500 rIpn
acoording to the tiethod preeented in appendix B. The caloulated
effeotive critioal throat area8 for both the origiual aud revised
oompressors are shown in figure 21. The revieed aanpressor had au
approximately ooustaut effeotive aritioal throat area of 0.64 square
foot (94 peraent of the geometric throst area). The ratio of the
maximum correded weight flows of the revised oampreesor to the
m8xinmn corrected weight flows of the original oompre8eor ie ehown
in figure 22 overarange of equivalent impeller 8peed8 fPom 7000 to
10,000 rpm. The ratio of effeotive aritioal throat areae of the two
oanpressare ie also given in figure 22. The weight-flow-ratio uurve
is oousiderably  lower thau the area-ratio ourve at 7000 rpm a& the
difference  between the two aurve8 rapidly imreaeee as the epeed 18
increased. Thie faot together with a etudy of equation (4) (appen-
dix B) suggests that either the total-pressure  or the total-

_

temperature at the throat of the revised vaued oollector had been
adversely affeoted at acme point in the mmpreaeor eyetern prior
to the throat section.

The impeller-outlet  total-preasure  ratio8 aud total-temperature
ratio8 for both ocmpressors  over a range of epeede at muimum flow are
ehoun in figure 23. The curves ehou slightly lmer impelleDOutlet
temperature ratios for the revised cmpre8sor than for the original
wmpressor, but them louer temperature  ratios are aooapanied by
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large reductions in impeller-outlet  total-pressure ratioe. At au
equivalent impeller speed of 10,000 rpm, the impeller-outlet total-
pressure ratio for the revised CompTessor  was.78 percent of that
obtained for the original ccmpressor. The reductions in total pres-
sure were due to pressure losses in the impeller near the impeller
iuletathigh flows tierplainwhythe  increase in weight flow
with the revised ocmpressor  was dispropmtionate  to the imreaeed
effective critical flow area. In reference 6, impeller-inlet pres-
sure losses were shown to be critically affected by both blade
angle of attaok aud blade Mach nmiber. This impe l le r  ham re la t ive ly
high blade-inlet Macrh nlmibers with resulting limitatious on the
blade-inlet angle design. The undesirable pressure losses could
possibly be reduced by altering the inlet edge of the impeller
blades to give an Impeller of increased deeign air-flow Capacity.

Themaximumcorreotedw&ghtflow  obtainedoverarauge of
equivalent  impeller speeds for the original ooqresear, the revised
ccmpressor, a& a theoretical compressor ooneistimg of the revised
vaued collector and vaneless diffuser with a hypothetical impeller
is shown in figure 24. This impeller ccmponentwas aesuamd to
have, at maximm flow,thepeak impellerpreeaure  ratiosllapeak
impeller effioieuoy experimentallyobtaiued onthe revieed mm-
pressor. From equation (4) (appendix  B), the preaallree  and tem-
peratures corresponding to peak impeller efficiency ami preesure
ratio, and the effective critical throat area of 0.64 square foot,
the maximm correoted weight flows were obtained for the .
theoretical ocanpressor. At a speed of 11,500 rpm with the
theoretical compressor, the weight-flow oapacity oould be inureased
from 76 pounds per second with the revised compressor to ll2 pounds
per secomi, a 47-percent increase. This optimumvalue ofll2 pounds
per seoolvi would require that the impeller have the high speoific
flow capaoity of 12,300 oubic feet per minute per equare foot. In
auy attempt to increase the pressure ratio aud mclIimumweight flow
of the canpressor, the impeller ocqonent must be m&ified to
eliminate  the pressure losses therein.

SIR+MARYOFFESUL!IB

In the investigation of the cmponent aud over-all perfomance
of a large centrifugal wmpressor and a revised ocpspressor,  the
following results were obtained:

1. The flow oapacity of the original ccmpressor up to an equi-
valent speed of 10,000 qm (speed limited by meohauical  failure) was
limited by choking in the vaned oollector. The maximum flow values
izldicated that the oompressor design flaw at rated equivalent  speed
of 11,500 rpm would not be attained.
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2. Revision of the vaned colleotor resulted in an dnoreased afr-
flow oapacity over the speed range. The design air flow of 78 potis
per seoond was very nearly reaahed for the revised oanpressor  at rated
engine speed of11,5OCrpm.

3. At dmilar valuee of a3.r flow, the revteed ccsrpressor  generqlly
had higher effioienoiesthanthe  origiaalccmpressorandthe useful
range of operation of the revised cnmDTessor was ehif'ted to higher
values of air flow, which showed that altering the vaned collector
resulted in Wproved matohlng of the impeller and diffuser o-one&s.

4. For the revised compressor, a maximum adiabatic+ efficiency of
0.81 was obtained at an equivalent impeller speed of 7000 rpm, a
oorrected wefght flow of 36.5 pourads per second, and a pressure ratio
of 1.90. The peak pressure ratio was 3.93 a& occurred at an
equivalent impeller speed of Xl,500 +I and a oorrected weight flus
of 65.5 pour& per seoond.

5. Decreasing the oompressor-Inlet-a& temperature decreaeed
the compreesor  efficiency and the maximum oorrected weight flow.
Deoreaslng the oompressor-inlet-afr  pressure had no appreciable
effect on the oanpressor  efficienoy  or pressure ratio but did decrease
the maximum weight flos.

I 6. At maximum flow, the original compressor  utilized approximately
90 percent of the available geometrfc passage throat area and the
revised compressor  tiillzed approximately 94 percent, regardless of
impeller speed.

7. The ratio of the maximum weight flows of the revised ard
ordginal compressors  was less than the ratio of the effective critical
throat areas of the two ocqressors because of large pressure losses
in the Impeller near the Impeller inlet and the difference increased
with an increase in Qrpeller speed. In any attempt to increase
further the pressure ratlo and meuimum weight flow of the compressor,
the impeller must be modified to eliminate these pressure losses.

8. A theoretloal  compressor consisting  of the revised vaned
colleator and vaneless diffuser with an impeller advantageously ouu-
bining peak impeller pressure ratio and peak Impeller effloienoy at
maximumflowwouldbe capable ofproducingamarimrancorreotedair
flow of 112 pounds per second at an equivalent Impeller speed of
11,500 rplk.

LeXLsFlSghtPropuls~onIaboratory,
National Advisory Cmittee for Aeronautics,

Cleveland, Ohio.
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AFPEXDIX A

The followlug symbols are used in this report:

nozzle area, sq I%

Mach nmiber

actual impeller speed,-

stagnation tz total pressure, in. Q absolwte

statio pressure, in. Hg absolute

static pressure lusimlatedburner annulus
statio pressure at impeller  outlet

total temperature, ?E

air weight flw at inlet condltione,lb/sec

ratio of speoifio heats

ratio of aotual inlet stagnation pressure to 8tadard sea-level
pressure

adiabatic effioiency

ratio of a&us1 inlet etagnation absolute temperature to
stadard sea-level absolwte temperature

Bubsoripts:

0 oompreseor Inlet

1 impeller outlet

2 vanele'es-diffuser  outlet

3 nozzle throat

4 simulated-burnerarmdlns

max maximum
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The steady-f'lw  Isentropic energy equation for a nozzle oan be
expressed as

w = 145-8 v (4 - (FJ
A3P2/m

(2)

The maxhmuwetght flw throwh the notcle will be reaohed when the
critical pressure
reduoes to

oocmrs in tie throat seotlon and eqwtion (2)

W

.

(3)

Beaausetheair-flaw  datasrepresentedcorrectedto  standardsea-
level pressure a& temperature  at the oanpressor  inlet, the sams
procedurewlllbe follwedhere. $quation (3) Is then expressed

p249.5 pCJ
(4)

In applying equation (4) to the data, T2 is assumed equal to
thetotaltentperaturemasured  inthe slmlatedburnsraunulus  T4
- p2 is assumed equaltothetotalpressure at the impeller
tip Pl calculated  aooording to the method previously described.
The results of several oheok runs at maximwn-flaw ooPditicms with a
total-pressure  probe in the vaueless diffuser mar the vaned-collector
inlet of both the orlglnal and the revised compressors  ahwed-that
a negligible dif'fereme existed between the oaloulated  impeller-
outlet pressures aM thepressure-probe readings.
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Figure 2. - llupller and vaned-collector inlet of original oamgreeeor.
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